Abstract. Intestinal motility and barriers are often impaired due to intestinal congestion during liver transplantation. Intestinal bacteria and enterogenous endotoxins enter into the blood stream or lymphatic system and translocate to other organs, which can result in postoperative multi-organ dysfunction (MODF) and systemic inflammatory reaction syndrome (SIRS) severely affecting patient survival. However, the mechanisms underlying liver transplantation-induced intestinal injury remain unclear and effective therapies are lacking. Thus, the present study investigated whether these effects were associated with endotoxin-mediated apoptosis. Rat autologous orthotopic liver transplantation (AOLT) models were established to observe dynamic intestinal injuries at different time-points following reperfusion. Changes in the levels of endotoxins and the primary receptor, toll-like receptor 4 (TLR4), as well as its downstream signaling molecule, nuclear factor-κB (NF-κB) were all determined. Finally, immunohistochemistry and terminal deoxynucleotidyl transferase dUTP nick end labeling assays were conducted to detect caspase-3 expression and intestinal cell apoptosis, respectively. AOLT resulted in significant pathological intestinal injury, with the most serious intestine damage apparent four or eight hours following reperfusion. Furthermore, the levels of endotoxins and inflammatory cytokines, such as tumor necrosis factor-α and interleukin-6, peaked during this time period and gradually decreased to the normal level. Notably, TLR4 and downstream NF-κB expression, as well as NF-κB-mediated caspase-3 activation and intestinal cell aapoptosis coincided with the intestinal pathological damage. Thus, the possible mechanism of post-liver transplantation intestinal injury was demonstrated to be associated with NF-κB activation-induced cell apoptosis.
Introduction
Liver transplantation is a serious surgical procedure, which can result in complications to a number of other organs (1, 2) . Multi-organ dysfunction (MODF) and systemic inflammatory reaction syndrome (SIRS) are the two main complications following liver transplantation, and contribute to a high patient mortality rate; however, the underlying mechanisms of these complications remain to be determined (3) . During liver transplantation, intestinal congestion is inevitable due to inferior vena cava (IVC) and portal vein (PV) interruption, which results in intestinal motility disorders and destruction of intestinal barriers (4) . As previously reported, intestinal barriers are a complex system and perform two important functions in the body; nutrient absorption and defence against harmful macromolecule penetration. Intestinal barriers are composed of physical, chemical, biological and immunological elements. The physical aspect includes a mucous layer, intestinal epithelial cells and tight junctions located at the apical surface. The chemical barrier involves gastric acid, digestive enzymes and bile. The immunological barrier refers to lymphocytes and immunoglobulin A (IgA) and the biological barrier is composed of normal intestinal flora, and the important environmental factors for energy absorption and storage. Destruction of the intestinal barriers presents in a variety of ways, including flora shift, small intestinal bacterial overgrowth, tight junction alterations and increased gut permeability (5) . Enterogenous endotoxins are over-produced and there is increase in bacterial translocation (6) . Once intestinal bacteria or endotoxins enter the venous or lymphatic system, they translocate to other organs and result in remote organ damage (7, 8) . Thus, intestinal epithelial cell protection is important for patients undergoing liver transplantation, and may be an effective strategy to protect against MODF and SIRS. Therefore, there is an urgent requirement to investigate the mechanisms underlying intestinal injury and to develop effective strategies to protect against this damage. Endotoxins are one of the most important constituents of the outer membrane of Gram-negative bacteria (GNB) and are key to the pathogenesis of GNB-associated MODF and SIRS (9) . Endotoxins that are over-produced during liver transplantation bind to the primary receptor, toll-like receptor 4 (TLR4), which is important in post-liver transplantation intestinal injury (10, 11) . TLR4 predominantly located on cell membranes recognizes pathogen-associated molecular patterns. When activated during an infection, it induces the transcription of certain immune genes and results in activation of the nuclear factor (NF)-κB signaling pathway and downstream inflammatory cascade that is activated by inflammatory mediators, such as tumor necrosis factor (TNF)-α and interleukin (IL)-6 (12) .
Intestinal injury following liver transplantation was mediated by TLR4/NF-κB activation-induced cell apoptosis
NF-κB is the final effector molecule of the TLR4 signaling pathway and is pivotal in the translation and transcription of inflammatory mediators and caspase expression, which promotes the development of numerous intestinal diseases (13) . Overproduction of pro-inflammatory cytokines is a characteristic of patients that have undergone liver transplantation. In addition, apoptosis is considered to be important in injuries of remote organs following liver transplantation (14, 15) . Thus, the present study aimed to determine whether apoptosis mediated by the overproduction of inflammatory cytokines, via TLR4/NF-κB signal pathway activation, may be the potential mechanism underlying intestinal injury.
Materials and methods

Animals.
All the experiments were conducted according to the National Institutes of Health criteria for the care and use of laboratory animals in research. The study was approved by the Laboratory Animal Care Committee of Sun Yat-sen University (Guangzhou, China). Male Sprague-Dawley rats (age, 8 weeks; weight, 200-220 g) were purchased from the Laboratory Animal Center of Sun Yat-sen University and randomly assigned into five parallel groups using a random number table and taking into consideration the weight of the rats. The groups were as follows: Sham, and reperfusion 4, 8, 16 and 24 h (AOLT model) groups (n=8 per group). The rats (four per cage) were housed at room temperature, fed with standard rat chow and had access to tap water ad libitum. The room was well-ventilated with a 12-h light/dark cycle. The rats were acclimated for one week prior to experiments. Food was withheld 8 h prior to commencing the experiments, however, all animals had free access to water.
Rat autologous orthotopic liver transplantation (AOLT)
model establishment. This model was established according to the methods of previous studies (3, 12) . Briefly, an open face guard was used to administer the ether inhalational anesthesia (Shanghai Baxter Healthcare Co., Ltd., Shanghai, China) until the rats exhibited no response to a needle stimulus. An incision was made to open the abdominal cavity, the liver falciform ligament was ligated and the blood vessel along the esophagus was severed. Then, the liver was exposed. Following liberation of the supra hepatic vena cava (SVC), the liver was replaced in its original position. The IVC was then dissociated, until the upper region of the left renal vein was completely liberated. The first hepatic portal (the H-shaped groove on the surface of the liver, from which the portal vein, hepatic duct and hepatic artery access the liver) was also dissected and the PV was separated from the convergence of the inferior mesenteric and splenic veins. The hepatic artery and biliary tract were also successively detached, according to their anatomic relationship, and the first hepatic portal was ligated Microvascular clamps were used at the convergence of the inferior mesenteric, splenic veins, hepatic artery, SVC and IVC, and the PV was punctured with a 24-gauge needle in preparation for reperfusion. Then, a 1-mm incision was made in the IVC wall as an outflow tract and 2.5 ml/min pre-cold 4˚C Ringer's lactate solution (Shanghai Baxter Healthcare Co., Ltd.,) was injected until the liver turned yellow. Finally, the incisions in the PV and IVC were closed using 8-0 sutures (Hangzhou Huawei Medical Appliance Co., Ltd., Hangzhou, China). PV, SVC, IVC and the hepatic artery were all unclamped. The duration of the anhepatic phase was 20±1 min (1) .
The sham group underwent abdominal surgery and liver dissection under ether inhalational anesthesia without cold perfusion or reperfusion. The AOLT model rats were subjected to the typical pathophysiological hepatic ischemia/reperfusion (I/R) processes during liver transplantation. Compound lidocaine cream (Beijing Ziguang Pharmaceutical Co., Ltd., Beijing, China) was applied to the incisions for pain relief. Following surgery, the rats were maintained in a temperaturecontrolled environment under a 12-h light/dark cycle with free access to water. Rats in the sham group were sacrificed by cervical dislocation 8 h after surgery and the samples were subsequently obtained. Rats in the AOLT groups were sacrificed by cervical dislocation 4, 8, 16 and 24 h after reperfusion and the samples were obtained at the corresponding time-points.
Histopathological examination.
Intestinal specimens were obtained from 5 cm above the terminal ileum and fixed in 10% buffered formalin (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China), embedded in paraffin (Nanjing Keygen Biotech Co., Ltd.), and processed for hematoxylin and eosin staining (Nanjing Keygen Biotech Co., Ltd.). Samples were visualized under an Eclipse E800 light microscope (Nikon Corporation, Tokyo, Japan) and intestinal mucosal damage was graded according to Chiu's criteria (3): Grade 0, normal mucosa villi; grade 1, development of subepithelial Gruenhagen's space at the tip of the villi; grade 2, extension of the subepithelial space with moderate epithelial lifting; grade 3, extensive epithelial lifting, possibly with a few denuded villi; grade 4, denuded villi with dilated capillaries, and increased cellularity of the lamina propria and exposed capillaries; and grade 5, disintegration of the lamina propria, ulceration and hemorrhage.
Assessment of fatty acid-binding protein 2 (FABP2), diamine oxidase (DAO), lipopolysaccharide (LPS), TNF-α and IL-6.
Plasma was harvested from the collected abdominal aortic blood (2-ml blood samples were collected from each rat in the sham group 8 h after surgery, and from the AOLT model groups at 4, 8, 16 and 24 h post-reperfusion) and maintained at -20˚C. The levels of DAO, FABP2, TNF-α and IL-6 were determined using their corresponding enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer's protocol (all kits were obtained from R&D Systems, Minneapolis, MN, USA). LPS was detected using an endotoxin detection assay kit (Lonza, Basel, Switzerland).
Western blotting. Western blotting was conducted as described previously (3, 12) . Briefly, the membranes were blocked for 30 min at room temperature with 5% non-fat dry milk (Sigma-Aldrich, St. Louis, MO, USA) and immunoblotted using anti-TLR4 (cat. no. sc-293072; monoclonal mouse anti-rat; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 4˚C. Following several washes, the membranes were incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated polyclonal goat anti-mouse IgG (cat. no. sc-2005; 1:2,000; Santa Cruz Biotechnology, Inc.) to detect TLR4 expression. Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; cat. no. sc-47724; monoclonal mouse anti-rat; 1:1,000; Santa Cruz Biotechnology, Inc.) and its corresponding secondary antibody, HRP-conjugated polyclonal goat anti-mouse IgG (1:2,000; Santa Cruz Biotechnology, Inc.) served as a control. Protein-antibody complexes were detected with an enhanced chemiluminescence system (Keygen Biotech Co., Ltd.). Protein band sizes were estimated using AlphaView 2.2.14407 software (ProteinSimple, Santa Clara, CA, USA). The density was correlated to the protein expression and normalized to GAPDH.
Immunofluorescence. Immunofluorescent staining was conducted according to the appropriate protocol as previously described (1) . Cryostat sections of OCT-embedded intestinal samples (4-µm) were incubated with primary antibodies against P65 (cat. no. sc-8008; monoclonal mouse anti-rat; 1:100; Santa Cruz Biotechnology, Inc.) for one night at 4˚C. Following incubation with goat anti-mouse IgG-fluorescein isothiocyanate (FITC; cat. no. sc-2010; 1:100; Santa Cruz Biotechnology, Inc.), the sections were observed and imaged under x400 magnification using a fluorescence microscope (Olympus BX40; Olympus Corporation, Tokyo, Japan). Nuclei were stained with 4',6-diamidino-2-phenylindole (1 µg/ml; Nanjing KeyGen Biotech Co., Ltd.).
Immunohistochemistry. Immunohistochemical staining was performed in 4-µm paraffinized sections, as described previously (1). After being dewaxed and dehydrated, the sections were incubated with H 2 O 2 (3%; Nanjing Keygen Biotech Co., Ltd.) in order to inhibit endogenous peroxidase activity. The slides were incubated with primary antibodies against caspase-3 (cat. no. sc-7148; polyclonal rabbit anti-rat; 1:100; Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Following incubation with the corresponding secondary antibody, goat anti-rabbit IgG-FITC (cat. no. sc-2012; 1:100; Santa Cruz Biotechnology, Inc.), the samples were visualized under a light microscope (Eclipse E800). Five photomicrographs were captured randomly 
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(magnification, x400). The average optical density (AOD) of the photomicrographs was quantified using the high resolution pathological image analysis system (HPIAS-1000; (Nanjing Keygen Biotech Co., Ltd.) to measure expression levels of caspase-3.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The TUNEL assay (Nanjing Keygen Biotech Co., Ltd.) was conducted to evaluate intestinal tissue apoptosis according to the manufacturer's instructions. Briefly, 4-µm paraffinized sections were dewaxed, rehydrated, and incubated with terminal deoxynucleotidyl transferase enzyme at 37˚C for 1 h. The reaction was detected by incubation with anti-digoxigenin-peroxidase (Nanjing Keygen Biotech Co., Ltd.) for 30 min at room temperature and visualized in a buffer containing 3,3'diaminobenzidine. The samples were counterstained by immersion in hematoxylin. The stained tissue samples were observed using a fluorescence microscope (EclipseE800) and five photomicrographs were obtained randomly (magnification, x400). The AOD from the photomicrographs was quantified using the high-resolution pathological image analysis system (HPIAS-1000) to measure TUNEL-positive cells.
Statistical analysis. Statistical analysis was performed using SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). Multiple comparisons among groups were analyzed using one-way analysis of variance, followed by Tukey's post hoc 
Results
Intestinal injuries following AOLT at different time-points.
In the present study, rat AOLT models were established to investigate the effect of liver transplantation on the intestines. In this model, IVC and PV interruption during the anhepatic phase leads to blood reflux disorder and serious intestinal congestion, which result in significant intestinal injuries (3) . In the present experiments, it was demonstrated that as the reperfusion time was extended, pathological damage to the intestines increased. Four or eight hours after reperfusion, intestinal damage peaked, resulting in extensive epithelial lifting from the villi, which recovered gradually (Fig. 1A and B) . It was also demonstrated that FABP2 and DAO levels were notably increased 8 h following reperfusion, which mirrored the pathological injury of the intestine (Fig. 1C and D) . Fig. 1 illustrated the significance of AOLT-mediated intestinal injury. However, its mechanism remains unclear. Intestinal motility and barriers have been shown to be impaired following liver transplantation, resulting in increased bacterial translocation and enterogenous endotoxin levels (3, 16) . This was shown to initiate the overproduction of pro-inflammatory cytokines, which may trigger remote organ injury (3) . The present study demonstrated that the level of LPS increased significantly 4-8 h following reperfusion and then decreased gradually (Fig. 2A) . TNF-α and IL-6 are important inflammatory factors in liver transplantation and are key in various inflammatory reactions. Thus, the levels of TNF-α and IL-6 were determined in the present study. Fig. 2 shows that 4-8 h following reperfusion, the levels of TNF-α and IL-6 were significantly increased, compared with the sham group and then declined gradually. After 24 h, no significant difference was identified between sham group and the AOLT model groups (Fig. 2B and C) .
Changes in the levels of LPS, TNF-α and IL-6 following AOLT at different time-points.
Changes in TLR4 and P65 expression on the surface of intestine cells following AOLT at different time-points.
To the best of our knowledge, intestinal congestion in liver transplantation always results in enterogenous endotoxin over-production and an increase in the levels of inflammatory cytokines, which contribute to remote organ injury (Figs. 1 and 2 ). LPS activates TLR4 and its downstream NF-κB, and TNF-α triggers translocation of NF-κB to the nucleus (17), thus changes in TLR4 and Fig. 3A , TLR4 protein levels were increased after AOLT and peaked 8 h after reperfusion, which coincided with the most severe intestinal pathological damage (Fig. 1 ) and the increase in LPS, TNF-α and IL-6 levels (Fig. 2) . In addition, P65 was activated at this time-point (Fig. 3B) . Subsequently, the expression of TLR4 and P65 gradually decreased as reperfusion time increased (Fig. 3A and B) . These results suggested that the TLR4/NF-κB signaling pathway participated in post-AOLT intestinal injury.
Changes in caspase-3 and apoptosis levels in the intestine following AOLT at different time-points. During liver transplantation, intestinal congestion was severe due to IVC and PV interruption. This lead to enterogenous endotoxin and inflammatory cytokine over-production, which could activate the TLR4/NF-κB signaling pathway (Figs. 2 and 3) . Previous studies have demonstrated that cytokine over-production and TLR4/NF-κB signal pathway activation triggers caspase-3-independent cell apoptosis (18, 19) . Thus, it was hypothesized that this may be the reason for liver transplantation-mediated intestinal injury. The present results indicated that expression of caspase-3 also peaked 8 h following reperfusion, which was in line with the levels of LPS, TNF-α, IL-6, TLR4/P65, and also decreased in line with the reduction in the levels of LPS, TNF-α, IL-6 and TLR4/P65 (Fig. 4A) . In addition, the levels of TUNEL-positive epithelial cells coincided with caspase-3 expression (Fig. 4B) . This suggests that caspase-3-induced apoptosis mediated by cytokines and the TLR4/NF-κB signaling pathway may be important in post-liver transplantation intestinal injury.
Discussion
Liver transplantation is considered to be the most effective strategy to cure final-stage liver disease; however, it is associated with a number of serious complications that affect patient survival (1, 2) . It has previously been demonstrated that intestinal motility and barriers are impaired following liver transplantation (20) . Findings from the present study (Fig. 1 ) demonstrated that pathological injury of the intestine was most marked 8 h after reperfusion, which was coincident with the changes in FABP2 and DAO levels (well-known markers of intestinal mucosa barrier destruction). Bacterial translocation and enterogenous endotoxemia are notable, and may lead to post-operative MODF and SIRS (21) . These contribute to the high mortality rate of patients undergoing liver transplantation; however, the mechanism underlying these effects remains unclear. Thus, in the present study, rat AOLT models were established to investigate the possible mechanisms underlying liver transplantation-induced intestinal injury. The rat AOLT model has advantages compared with allogeneic orthotopic liver transplantation, such as avoiding obvious rejection reactions and complex conditions of recipients, in addition there is repeatability of experiments and a high survival rate of rats. Compared with a pure hepatic I/R injury model, rat AOLT models undergo the predominant procedures involved in liver transplantation, including blood reflux disorder (1) . Thus, the rat AOLT model was used in the present study.
During liver transplantation, IVC and PV interruption result in severe intestinal congestion. In addition, intestinal motility and barriers have been shown to be impaired following liver transplantation (20) . Bacterial translocation and enterogenous endotoxin increase, which result in enterogenous LPS over-production, inflammatory cytokine production (TNF-α and IL-6) and TLR4/NF-κB signaling pathway activation (17, 21, 22) . The present study determined that the TLR4/NF-κB signal pathway activation triggered caspase-3-independent cell apoptosis. Caspase-3 expression and intestinal epithelial cell apoptosis were notably increased following AOLT. These changes coincided with pathological damage of the intestine following liver transplantation. This indicated that post-liver transplantation intestinal injury was mediated by endotoxin over-production, cytokine production and TLR4/NF-κB signaling pathway-induced apoptosis.
Bacterial translocation and enterogenous endotoxin are important in remote organ damage (23) . LPS is one of the most important constituents of the outer membrane of GNB and is recognized to be key in the pathogenesis of GNB-associated sepsis (24, 25) . The present study demonstrated that the levels of enterogenous endotoxin peaked at 8 h after reperfusion, the point at which the intestine exhibited the most notable damage ( Fig. 2A) . Macromolecular LPS binds to TLR4 (considered to be the primary receptor), which results in myeloid differentiation primary response gene 88-dependent signaling and activation of the downstream inflammatory cascade. Furthermore, activation of IκB kinase-β and mitogen-activated protein kinase phosphorylation were important in this process (18, 26) . This mediates NF-κB-dependent nuclear transcription and TNF-α production.
During liver transplantation, IVC and PV interruption lead to liver I/R injury, which initiates the over-production of pro-inflammatory cytokines (3, 22) . TNF-α is considered to be an important pro-inflammatory cytokine, which mediates the degradation of IκBα and promotes translocation of NF-κB to the nucleus (27) . Simultaneous over-production of LPS/TLR4/NF-κB-induced inflammatory cytokine along with over-production of pro-inflammatory cytokines triggered remote organ injuries. TNF-α is not a direct chemoattractant, however, following liver transplantation, it induced inflammation via the NF-κB signaling pathway. TNF-α is considered to be an important pro-inflammatory cytokine, which mediates the degradation of IκBα and promotes translocation of NF-κB to the nucleus (27) . Translocation of NF-κB activates the transcription of various genes that are involved in cell proliferation, including IL-6 and caspase-3 (28) , which were demonstrated to mediate post-liver transplantation intestinal injury amplification and cell apoptosis. Thus, TNF-α, IL-6, and caspase-3 were important in the development of intestinal injury following liver transplantation in the present study. This was demonstrated to be correlated with pathological injury of the intestine. These results suggested that pro-inflammatory cytokine overproduction induced apoptosis following liver transplantation and were critical in post-liver transplantation intestinal injury.
In the present study, it was demonstrated that caspase-3 expression and TUNEL-positive epithelial cells in rats undergoing AOLT were markedly increased compared with that in the sham group (Fig. 4) . This suggested that apoptosis was important in AOLT-induced intestinal injury. Caspase-3 was considered to be the executor of apoptosis in the caspase cascade and resulted in apoptosis in various types of tissue (29) . Many different factors induce apoptosis, such as intestinal congestion-mediated I/R injury, bacterial translocation, oxidative stress or inflammatory reaction (30) (31) (32) . However, until now, intestinal cell apoptosis resulting from liver transplantation has not been well investigated. Thus, to the best of our knowledge, the present study was the first to investigate possible mechanisms of AOLT-induced intestinal injury. It was demonstrated that intestinal injury was associated with cell apoptosis mediated by endotoxin and cytokine over-production triggered by NF-κB signaling pathway activation.
Liver transplantation exhibits serious complications on a number of different systems. The present study, predominantly focused on intestinal injuries and investigated the possible underlying mechanisms. During surgery, IVC and the PV interruption during the anhepatic phrase, resulted in blood reflux disorder, which led to intestinal congestion (3). This impaired intestinal motility and barriers, resulting in an increase of bacterial translocation and overproduction of enterogenous endotoxin (4) . Endotoxins may activate the TLR4/NF-κB signaling pathway, and induce TNF-α production and cell apoptosis. In addition, TNF-α promoted translocation of NF-κB to the nucleus mediated by the degradation of IκBα, resulting in intestinal cell apoptosis and injury (33) . Thus, the cascade was amplified intensively and intestinal injury increased.
In conclusion, post-liver transplantation intestinal injury was shown to be associated with TLR4/NF-κB signaling pathway activation-induced cell apoptosis. These findings may aid in the development of effective strategies for intestine protection, as well as protection of other organs, during liver transplantation.
